This paper presents a study where acoustic imaging technology was employed for problem identification and high damping interfaces (HDI) were implemented in the machine tool structure to improve performance of process machine interaction, in bevel gear cutting, in terms of resistance to instability. Chatter marks at the gear root and tool fracturing represent a serious and widespread problem in the studied process. The acoustic image approach showed good agreement with modal analysis and also allowed to identify the chatter frequency. Once identified the problem, the paper also presents a novel approach for improving resistance to cutting instability by implementing HDI in the structure. The HDI consists of a viscoelastic composite material and is used to damp out the stick blade motion relative to the clamp block by transformation of vibratory energy, into heat. The primary contributions of this paper are the introduction of acoustic imaging for identification of chatter in gear cutting and employment of HDI for performance improvement for rotating tools.
Introduction
Manufacturers strive to improve process quality as well as a high production rate. The demands on the processes are therefore very high and optimization is a constant issue in metal cutting. Machining with vibrations is not an option and fast and reliable methods to find the cause and solution are desired. Machining system's (MS) dynamic stability has historically been one of the major limitations to productivity, cost and quality in machining. A quantification of this problem is shown in a recent study made on cylinder head production within the Renault group. The yearly production is three million parts and the cost for machining vibration has been estimated at 0.35 euro per cylinder head produced [1] .
MS are notoriously subject to three types of vibration: free, forced, and self-excited [2] . Self-excited vibration or chatter is a complex phenomenon and is commonly the least desirable type of vibration as the machine tool structure enters an unstable state. Instabilities like chatter depend on the design of the machine tool as a whole, on the workpiece material and geometry and on machining regimes; its occurrence is due to insufficient damping in the MS [2] .
The aim of this paper is to introduce (a) a novel methodology based on acoustic imaging for machining process instability identification and (b) design method of high damping interface (HDI) for built in joints with enhanced damping capacity, for performance improvement of the process machine interaction in bevel gear cutting. This approach has been proven successful in turning applications [3] .
In section 1.1, the problem description is outlined and some basic definitions regarding the gear hobbing process are discussed. In section 2, some of the available methods for analysing such processes, especially acoustic imaging, are introduced. In section 3, the improvement technology by introduction of HDI is discussed and tested. Finally, discussions and conclusions are outlined in section 4.
Problem description
The problems considered are the complex and variable dynamic properties of a machine tool structure, cutting process and their interaction in hobbing operation for cutting of bevel gears. The considered problem results in chatter marks at the gear root and tool fracturing.
The two principal failure modes for cutting tools, made out of brittle material, are fracture and chipping. Shock loading and rapid unloading of the tool are strong causes of crack initiation [4] whereas cyclic loading, such as vibrations, are linked to crack propagation [5] . It is also known that vibrations, tool relative to workpiece have a strong influence on surface roughness and waviness [6] .
The process is performed in a special purpose milling machine built for the application. The cutter consists of thirty-four stick blades which are clamped in the cutter body with a screw and clamp block. The screw sits in radial direction and acts on the clamp block which pushes the stick blade into a seating in the cutter body, see Fig. 1 . The cutter is 355.6 mm in diameter and the stick blade overhang is 32.88 mm.
Problem identification

Method
In order to visually get insight from where the problem origins, acoustic imaging was used. Acoustic imaging has been successfully used in finding acoustic sources [7, 8] . By using an array of microphones, in this case 48 microphones arranged in a circle with a video camera in centre, Fig. 2 , the direction to the source can be calculated and a representation of the acoustic pressure can be displayed on an image or a video. For applicability reasons acoustic cameras require good positioning with line of sight in order to have a clear view over the process. The acoustic camera can be bulky in size depending on the microphone array. Classical approaches such as experimental modal analysis (EMA) and cutting test were also performed with changed machine hardware setup for process evaluation and comparison with acoustical imaging. The change of hardware was evaluated with the purpose of improvement possibility without major changes in cutter body. The hardware set-up includes three different conditions:
Original cutter. Cutter with increased contact area, between stick blade, clamp block and body. Cutter with added HDI between tooth and clamp block (only four stick blades in cutter). Classic experimental modal analysis was performed with an impact hammer and accelerometers, for identification of dynamic characteristics for both workpiece and cutter. The system response during impact testing on the cutter in machine, was evaluated at six points, Fig Response of the tooth vibration was also evaluated with different torques on the clamping screw, 28 Nm with an increment of 10 Nm up to 58 Nm; see Fig. 1 , while the cutter body was free hanging, to determine if the stick blades were rigidly mounted. 
Results
The measured compliance of the workpiece-fixture is illustrated in Fig 4. Three clear modes were found, eigen-frequency of 0.98, 1.7 and 2.6 kHz. The workpiece-fixture compliance above 3000 Hz was of low amplitude.
The cutter compliance was mainly dominated by two stick blade bending modes at 6 and 7.8 kHz. The results from the EMA with free hanging cutter can be seen in Fig. 5 . The two highest torques (on the clamping screw) tested deformed the screw and are therefore considered to be non-useful in real production conditions. The EMA also shows that the lowest static stiffness, found in point 4, Fig. 3 , on the cutter stick blade (for evaluated points) was 0.4 kN/μm (as a comparison it can be mentioned that the static stiffness in point 1 was 20 kN/μm and 560 kN/μm in point 8).
The spectral analysis of the data obtained by the acoustic imaging technique shows three distinct peaks, Fig. 6 , coinciding with the modes from the EMA of the cutter. By filtering out frequency spectra of specific interest (spectral components with high amplitude), one can locate its source by mapping the acoustic image with the video. This shows that the first cutter mode, at 6 kHz, is emitted from the position where the tool is in contact with the workpiece, Fig 6. When filtering out the spectra around the dominant workpiece-fixture modes (around 2 kHz), a larger source area is found, partly covering the process interaction, as well as reflexes in the machine tool. The information derived from the acoustic camera and EMA thus gives that the workpiece can be considered to have sufficiently high stiffness and damping and are not contributing to the vibration while the bending modes of the stick blades are to be eliminated for performance improvement. The cutting data used for experiments with acoustic camera was the same as the central point for machining tests. A full cutter with 34 stick blades was used. Quick acquisition of tool-workpiece interaction frequency was made possible with the acoustic camera, but EMA gives more spatial information about the MS. Fig. 6 . Imaging from acoustic camera: Top -Filtered out frequency spectra around 6 kHz, vibrations originates at toothworkpiece interaction; Bottom -Filtered out frequency spectra around 2 kHz, low contribution source from toolworkpiece interaction.
Performance improvement technologies
Chatter avoidance can be accomplished in different ways [1] : (1) by selecting stable cutting parameters according to the a-priori computed stability limit diagram (SLD), (2) by in-process instability identification and adaptation of cutting parameters, (3) by adopting active damping strategies (vibration cancellation), (4) by applying passive damping strategies. Pertaining to the second two approaches, active damping strategies require sensoring, acting equipment (piezo-actuators) and, naturally, a dedicated control system, thus expensive and complicated to utilize.
Passive damping strategies have great potential for improving the MS performance, as they act on the machine tool structure, enhancing its overall damping and therefore its resistance to chatter [2] . The approach of passive damping was pursued in this research since it can effectively damp out vibrations at resonance.
High damping interface (HDI)
On-going research project has shown that by implementing HDI within the existing joints of the machine tool structure, one may increase the overall damping, generating large benefits in terms of machining performance [2, 9] . This strategy allows, for instance, increasing the material removal rate up to five times with unchanged or even improved surface quality. Another advantage of this approach is that the end-users do not need to change their routines, as no tuning, computation of complicated algorithms or additional control systems are required. The HDI consists of a viscoelastic composite material and is used to damp out the stick blade motion relative to the clamp block by transformation of vibratory energy into heat [10] , see Fig  1 for HDI interface placement.
Machining tests
The objective for the machining tests was evaluation of process performance improvement with different cutter set-ups. They were performed with two types of cutters, one with full number of stick blades (full cutter) and one with four stick blades (sparse cutter), due to lack of damped clamping blocks. The full cutter tests were performed according to central composite design of experiment (DOE) with feed and spindle speed as factors in the DOE, see Fig. 7 . The full cutter tests were performed on both the original cutter set-up as well as with the cutter with increased contact area between stick blade and cutter body. The sparse cutter was tested for evaluation of applied HDI on the clamp block. Only one microphone was used during machining tests for simplicity reasons such as closed machine doors and lower amount of data to analyze.
No real improvement or deterioration of the performance was attained by changing cutting parameters, Fig. 8 shows the RMS value of the sound pressure from each measurement run of five gear slots. No other explanation than measurement error was found for run number 5, normalized spindle speed at 1.2 and feed of 0.85.
The cutter with increased contact area gave a clear improvement, as illustrated in Fig. 9 , where the high frequency content is nearly eliminated.
Similar results were obtained by the tests with HDI clamp blocks, Fig 10. It is worth pointing out that the viscoelastic material in the damping interface was deformed under the load and could not be used for the full DOE series. 
Discussion and Conclusions
Usage of acoustic imaging was proven useful for quickly locating the source of vibration and chatter frequency. Agreement of chatter frequency from the acoustic imaging and modal analysis was demonstrated. Varying cutting parameters (in the tested range) did not result in any desirable performance improvement. However, a significant improvement could be obtained by increasing the contact area between blade, clamp block and cutter body. The sparse cutter with HDI showed encouraging results and the fist bending mode of the stick blade could be damped. Although, further design effort has to be put on it for more reliable performance. Since the vibration could be reduced, by both increased contact area between stick blade and cutter body as well as with implemented HDI on the clamp block, a non-rigid mounting of the stick blades was the cause of the problem.
